An intracellular bacterium was discovered in an isolate of Paramecium bursaria from a freshwater pond in Yantai, China. The bacteria were abundant and exclusively found in the cytoplasm of the host which, along with the green alga Chlorella, formed a three-partner consortium that could survive in pure water for at least one week. Cloning, sequencing and phylogenetic analysis of the bacterial 16S rRNA gene showed that the bacterium belonged to the uncultured candidate division OD1, which usually forms part of the rare biosphere. Transmission electron microscopy and fluorescence in situ hybridization (FISH) with specific probes showed that the bacteria were usually located close to the perialgal membranes of endosymbiotic Chlorella cells, and occasionally irregularly distributed throughout the host cytoplasm. The name "Candidatus Sonnebornia yantaiensis" gen. nov., sp. nov. is proposed for the new bacterium. A strongly supported monophyletic subclade, OD1-p, which included the new species, was recognized and this study highlights that protists can be important hosts for rare bacterial taxa.
Introduction
Ciliated protists not only feed on bacteria and microalgae but can also establish permanent or temporary associations with diverse prokaryotic and eukaryotic microbes under certain conditions [20, 28, 50, 65] . These symbiotic associations can increase the fitness of ciliates by endowing the host with the ability to thrive in particular environments, explore new ecological niches, and enhance its defense capabilities against attack or competition [14, 25, 27] . Studies on the ciliate-symbiont system might provide a clue for a better understanding of the origin and evolution of the eukaryotic cell [24] .
It has long been observed that there are ecto-and endosymbiotic bacteria on and in the cells of a range of ciliate species. However, due to the difficulty in cultivation of these symbiotic microbes, only a few bacterial symbionts (primarily isolated from Paramecium species) have been cultured and described with binomial names in keeping with the international rules of nomenclature [17, 28] . Since the 1990s, molecular approaches such as rDNA cloning and sequencing, and fluorescence in situ hybridization (FISH) have been increasingly employed to detect and identify bacterial symbionts on the cell surface, inside the cytoplasm and inside the nuclear apparatus of ciliates [2, 59] . More recently, our knowledge of the diversity of bacteria associated with ciliates has increased significantly, primarily as a result of extensive molecular investigations of some commonly occurring species of the genera Paramecium and Euplotes. These studies have demonstrated that most bacterial symbionts belong to one of four classes of the phylum Proteobacteria, namely Alphaproteobacteria (including pathogenic Rickettsia) [2, 8, 9, 18, 19, 21, 22, 51, 59, 60, 62, 64, 67, 69] , Betaproteobacteria [58, 63, 66, 68] , Gammaproteobacteria [4, 10, 48, 53] and Deltaproteobacteria [15] . Associations between ciliates and bacteria of other phyla seem to be infrequent, for example, Verrucomicrobia [42] and Firmicutes [54] .
The ciliate Paramecium bursaria has long been recognized as a textbook example of a protozoan hosting microbial symbionts.
It can harbor different microbes including bacteria, green algal Chlorella and viruses attached to the green alga [24, 28, 71] . In each cell of P. bursaria, approximately 200-600 Chlorella cells can be enclosed in individual perialgal vacuoles that possess a membrane to protect the alga from host lysosomal fusion [31, 35, 36] . Three species of symbiotic bacteria associated with P. bursaria have been identified: one cytoplasmic bacterium formerly called "Caedibacter chlorellopellens" [55] , which was later named Pseudocaedibacter chlorellopellens because the bacterium has no R body, killer or mate killer capacity [28, 52] ; and two Holospora species, H. curviuscula and H. acuminata, from the macronucleus and micronucleus, respectively [6, 41, 62] .
In this study, the bacterial diversity associated with a Chinese strain of Paramecium bursaria was examined using molecular approaches and transmission electronic microscopy. A bacterium belonging to candidate division OD1 [33] , which currently lacks cultivated representatives, was detected in the cytoplasm of the host ciliate and, for the first time, a candidate name for this hitherto uncultured bacterium is proposed.
Materials and methods

Cell cultures
Paramecium bursaria strain YD-2010 was collected from a freshwater pond at the campus of Yantai University in the autumn of 2010. Ciliates were brought to the laboratory alive and maintained in Petri dishes at 25 • C with water collected from the site. Several rice grains were supplied in order to enrich bacterial food for the ciliate.
DNA extraction, cloning and sequencing
One to ten ciliate cells were transferred into sterilized Milli-Q water with a micropipette, washed many times to minimize the contamination of "non-symbiotic" bacteria attached to the body surface, and then starved for 24 h to 7 d prior to DNA extraction and slide preparation for FISH. Genomic DNA extraction was performed as previously described [26] . Briefly, cells were washed with Milli-Q water and then transferred to a PCR microfuge tube with a minimum volume of water. Genomic DNA was extracted using the REDExtract-N-Amp Tissue PCR Kit (Sigma, St. Louis, MO), according to the manufacturer's protocol, but modified such that only 1/10 of the suggested volume for each solution was used.
The primers EukA (5 -AAC CTG GTT GAT CCT GCC AG-3 ) and EukB (5 -TGA TCC TTC TGC AGG TTC ACC TAC-3 ) were used for amplifying the nearly full-length 18S rRNA gene sequences of the ciliate host [40] . The partial eubacterial 16S rRNA gene (about 1.5 kb) was PCR amplified using the universal primer set 8F (5 -AGA GTT TGA TCA TGG CTC AG-3 ) and 1492R (5 -GTT TTG TTA CGA CTT-3 ) [37] . All PCR reactions were performed in a Biometra thermal cycler with the following program: an initial denaturation step at 94 • C for 4 min, followed by 34 cycles of 94 • C for 30 s, annealing for 1 min, and 72 • C for 2 min, with a final extension step of 72 • C for 7 min. The annealing temperatures were 58 • C and 50 • C for 18S and 16S rDNA amplifications, respectively. PCR products of the expected size were cloned using the InsTAclone PCR Cloning Kit (Fermentas, Hanover, MD, USA). Thirty clones containing the DNA inserts of the expected sizes were randomly selected for sequencing on an ABI 377 automated sequencer (Sangon, Shanghai, China). Archaea-specific primers 109F (5 -ACK GCT CAG TAA CAC GT-3 ) and 934R (5 -GTG CTC CCC CGC CAA TTC CT-3 ) were used to amplify possible archaeal 16S rRNA gene sequences, as described previously [30] , but running the PCR products on a 1% gel did not reveal any bands. 
Phylogenetic analyses
The newly obtained sequences of the 16S rRNA gene were submitted to both the GenBank and SILVA databases in order to retrieve near-neighbor sequences [44, 45] . A total of 81 sequences were obtained and aligned using SINA [44] . Hyper-variable regions were filtered out with the Lane mask [37] and the resulting alignment of 1287 conserved sites was used for phylogenetic analyses. A maximum likelihood (ML) tree was constructed based on the GTR + I + G model with the PhyML V2.4.4 program [32] . The reliability of internal branches was assessed using the non-parametric bootstrap method with 1000 replicates. Bayesian inference analysis (BI) was performed with MrBayes [49] , using three different Markov chain Monte Carlo runs, with one cold chain and three heated chains each, running for 1,000,000 generations. Members of the candidate division SR1 [33] were used as outgroup taxa.
Probe design, FISH and microscopy
Based on the alignment of the 16S rDNA sequences, several regions of the symbiotic bacterium were found to be strongly OD1-biased. Specificity of candidate probes (16-20 bp) selected from these regions was evaluated using PROBE MATCH of RDP release 10 [12] . Sensitivity, specificity checking and optimization of FISH conditions for candidate probes were performed with the web-based tool mathFISH [72] . Two OD1-biased probes, OD1-289 and OD1-290, and a symbiont-specific probe (OD1-613) were designed, and the optimum formamide concentrations for mismatch discrimination were estimated using mathFISH (Table 1) .
A preliminary FISH was performed with eubacterial Cy3-labeled probes EUB338, II and III [1, 13] . The nonsense probe NON338, complementary to EUB338, was used as a negative control for the hybridization protocol [38] . The presence and location of the symbiotic bacteria were examined using FISH with the newly designed Cy3-labeled probes ( Table 1) . As the interference of algal red autofluorescence may lead to a false-positive signal in the Cy3-labeled assay, an additional FISH with Alexa Fluor 488-labeled OD1-613 was then preformed to further verify the presence and location of the bacterial symbiont. The autofluorescence, DAPI, Cy3-and Alexa Fluor 488-labeled probes were excited by green, UV, green and blue light, respectively.
Whole-cell hybridization was carried out following the protocol of [23] . In brief, cells were fixed with Bouin's solution at a final concentration of 50%. Aliquots of approximately 200 L of fixed cell suspensions were placed onto microscopic slides (SuperFrost Plus) and dried at room temperature. The slides were washed in distilled water (pH 7) three times for 10 min in order to remove the fixative. Dehydration of the cells was then carried out by placing the slides in 30%, 50%, 80%, and 100% ethanol for 5 min each. Slides were hybridized in hybridization buffer [20 mM Tris-HCl (pH 8.0), 0.9 M NaCl, 0.01% sodium dodecyl sulfate (SDS), 30% formamide] containing the relevant fluorescent probe (5 ng L −1 final concentration), incubated at 46 • C for 120 min, rinsed in washing buffer [20 mM Tris-HCl (pH 8.0), 450 mM NaCl, 0.01% SDS], mounted with anti-bleaching solution and viewed under a confocal laser scanning microscope (Olympus FV1200).
Transmission electron microscopy
Ciliates were fixed in 2.5% cold glutaraldehyde overnight, and washed in 0.1 M phosphate buffered saline (pH 7.4) three times for 20 min. Following postfixation in 2% osmium tetroxide for 2 h, the sample was washed and stained en bloc in 2% uranyl acetate for 90 min. After fixation, the cell pellet was dehydrated serially in ethanol (30%, 50%, 70%, 95% and 3 × 100%), transferred to propylene oxide and embedded in Epon. Ultrathin sections (60 nm) were mounted on pioloform-coated copper grids and stained with saturated uranyl acetate, followed by lead citrate. The sections were viewed using a JEM-1400 transmission electron microscope (JEOL, Tokyo, Japan) at 80 kV. Micrographs were taken using a Gatan 792 CCD camera (Gatan, CA, USA).
Results
Characterization of the host ciliate
The living features of the isolated strain YD-2010, such as the body size (100-150 m), having one macronucleus and one micronucleus, and the presence of green algae in the cytoplasm confirmed its identity (Fig. 1A and D) . Following starvation for several days, ciliate cells generally appeared "bleached" whereas algal cells in the cytoplasm of the ciliate host were still discernible under a light microscope. Seven clones of the nearly full-length (about 1721 bp) 18S rRNA gene of Paramecium bursaria strain YD-2010 were obtained (accession numbers KC495064-KC495070). Pairwise similarities between these sequences ranged from 99.3% to 100%. BLAST against GenBank indicated that the consensus sequence of strain YD-2010 shared 99.9% sequence similarities with strains previously isolated from Australia, China (Shanghai) and Japan (accession numbers AB252000-AB252002, AB206537-AB206543 and AB219526). Therefore, both morphological observations and molecular sequences supported the identity of the ciliate host as Paramecium bursaria.
Identification of a bacterial symbiont
Among the 30 clones of the 16S rRNA gene (1445 bp) sequenced, only four haplotypes with similarities ranging from 99.4% to 99.9% were identified, indicating a single dominant bacterial species associated with the ciliate host. The most frequently occurring haplotype (accession number KC495062) had 18 sequences and accounted for 60%; other haplotypes (accession numbers KC495060, KC495061 and KC495063) showed similar proportions (approximately 13.3%). BLAST against GenBank showed that the symbiont 16S rRNA genes had the highest similarity (94%) with that of an uncultured bacterial clone YHY25 (accession number GU305806) detected in surface waters of a reservoir in China (Chen and Yang, unpublished data).
The ML and BI analyses based on 16S rRNA gene sequences showed a congruent topology (Fig. 2) . In the phylogenetic trees, the bacterial symbiont clustered with other OD1 sequences from different origins, of which the most closely related was clone YHY25. A strongly supported (100%) subclade of the OD1 candidate division, OD1-p, comprising the symbiotic bacterium and 12 other sequences (e.g. DQ337078, HE604075, and JQ287225) was recognized (Fig. 2) . Sequences belonging to OD1-p had pairwise similarities ranging from 85.1% to 99.9%, and shared at least two signature regions: 5 -GTG CCA GCA GGA GCG GTA ATA CAG AGG CCC C-3 and 5 -GGT AAG CGA GCC GCC TGG GTA GTA CGA-3 .
Fluorescence in situ hybridization (FISH)
The newly designed probe OD1-613 was shown in silico to be highly specific, since it matched only the sequence obtained from the ciliate symbiont and one sequence (accession number EF516449) in the RDP database (accessed on 11 June, 2012), which represented a member of OD1 but exhibited a lower sequence similarity (93.4%) with that of the symbiont. Probes OD1-289 or OD1-290 matched a broad range of OD1 sequences (138), but was less OD1-specific as it also matched a proteobacterium and 121 unclassified bacteria.
Preliminary FISH experiments with eubacterial probes Eub338, II, and III were performed on 20 cells of P. bursaria YD-2010, and all the cells showed the presence of thousands of bacteria within the cytoplasm of the starved ciliate host (Fig. 1C) , indicating an infection rate of 100%. Subsequently, FISH with the species-specific OD1-613 resulted in strong positive signals with hundreds of red spherical structures (Fig. 1B) . Observation using confocal laser scanning microscopy showed that the symbiotic bacteria were primarily located beneath the cortex of the ciliate cell, formed aggregates around symbiotic algae in 15 of 22 ciliate cells examined (Fig. 1B) , or were scattered in the cytoplasm of the remaining individuals, as shown in Fig. 1C . FISH experiments with the Alexa Fluor 488-labeled probe showed the red fluorescence of the algal chloroplasts (Fig. 1F) . However, the positive signal of DAPI and FISH overlapped on the perimeters of perialgal vacuoles, whereas the algal chloroplasts were located inside (Fig. 1E, G and  H) . No positive FISH signal was detected on the cell surface or within the nuclear apparatus of the ciliates (Fig. 1B, C, G and H) . Although less specific than OD1-613, FISH experiments showed that probes OD1-289 or OD-290 also bound to the bacterial symbiont (data not shown).
Transmission electron microscopy
Transmission electron microscopic analysis revealed that the bacterial symbionts were rod-shaped, measured 1.6-1.9 m in length and 0.5-0.6 m in width, and possessed a Gram-negative type cell wall. The bacteria were distributed in the cytoplasm, sometimes attaching to the perialgal membrane surrounding the symbiotic algae. Short fiber-like structures were observed around the bacterial symbionts (Fig. 3) .
Discussion
Bacteria classified within candidate division OD1 are uncultured, widespread and have been detected from a range of environmental samples [3, 7, 11, 16, 33, 34, 61, 73] . These bacteria are usually regarded as being part of the rare biosphere because of their low relative abundance [5, 33, 56, 61] . A recent study, however, revealed that several members of OD1 were abundant and consistently present in the suboxic hypolimnion of boreal lakes [43] . Our study adds to this list with another scenario: a rare taxon of the candidate division OD1 that is sometimes abundant in the cytoplasm of the ciliated protist Paramecium bursaria.
Hitherto there have been no records of rare bacterial taxa associated with ciliates. According to [28] , more than 60 intracellular bacteria have been found in Paramecium, and among these alphaproteobacterial Holospora caryophila, H. obtusa, and Caedibacter caryophilus are the most frequently encountered species in Germany. Two bacterial symbionts, Holospora curviuscula and H. acuminata, were detected in macro-and micronuclear symbionts of P. bursaria, respectively [62] . In the present study, however, PCR amplification with bacterial-specific primers did not detect H. curviuscula or H. acuminata sequences. This is reasonable because no positive signal was observed in the nuclear apparatus when FISH was performed with universal eubacterial probes. These findings indicated that Paramecium strain YD-2010 was not infected by Holospora.
It was noteworthy that the rare bacterial taxon was present in large numbers in the cytoplasm of the host, together with the symbiotic Chlorella, forming a three-partner consortium which could survive in pure water for more than one week, suggesting that their relationship is relatively stable. Görtz and Fokin [28] noted that unknown bacteria were found at considerable frequencies in freshly isolated Paramecium cells. It is likely that, in this pond, most bacteria filtered by the paramecia were ingested and digested in the host's digestive vacuoles, but the OD1 bacterium somehow escaped from the digestive vacuoles and established endosymbiosis. A similar escape process has been revealed for the endosymbiotic green alga Chlorella, which employs the perialgal vacuole membrane to protect itself from host lysosomal fusion [36] . However, the bacterial symbiont's lack of an equivalent of the perialgal vacuole membrane suggests that it is digestion-resistant, much like some other bacteria in free-living amoebae [29] and ciliates [e.g. 10, 18, 19, 64, 67] .
The classical view of the mutual benefit of symbiosis in the algae-bearing ciliates is that it provides an advantage in the struggle against starvation [57] . The endosymbiotic Chlorella supplies carbohydrates which are used by P. bursaria to maintain metabolism. In return, the ciliate provides respiratory CO 2 that can be photosynthetically fixed by Chlorella [46] . In this way, the ciliate may need little or no external food supply [47] . The involvement of OD1 bacteria complicates the symbiosis. One possible explanation is that the bacterium benefits from nutrition supplied by the green algae, since the bacterium was prevalent in all examined cells of P. bursaria strain YD-2010 and was frequently associated with the periaglal vacuoles (Figs. 1B, G, H, 3A) . Ecological and metagenomic data may provide further indications as to the role of the OD1 bacterium in the three-partner consortium. It has been reported that members of the OD1 group are most likely to be anaerobes and may engage in sulfur cycling in various habitats [3, 11, 16] , as well as anaerobic methane oxidation in boreal lakes [43] . A recent metagenomic survey of an acetate-amended aquifer showed that members of OD1 play roles in sulfur cycling and fermentation of refractory sedimentary carbon to produce acetate, ethanol, lactate, and hydrogen [70] . It is therefore possible that OD1 symbionts may play similar roles within their host ciliate cell. Nevertheless, the nature of the relationship between the OD1 bacterium, Chlorella and Paramecium remains to be resolved, and single-cell genome sequencing will be a powerful tool for revealing interactions between ciliated protists and their bacterial symbionts [39] .
Description of 'Candidatus Sonnebornia yantaiensis' gen. nov., sp. nov.
Sonnebornia yantaiensis (Son.ne.bor'ni.a; N.L. fem. n. Sonnebornia, in honor of Professor Tracy M. Sonneborn, who first described killer paramecia strains in which kappa particles were found and later confirmed to be cytoplasmic bacterial symbionts; yan.tai.en'sis. N.L. fem. adj. yantaiensis, of or belonging to Yantai, the name of the city where the bacterium was first detected).
Straight rod-shaped Gram-negative bacterium, size 1.6-1.9 × 0.5-0.6 m. Endoplasmic symbiont of the free-living ciliate P. bursaria, frequently located around perialgal membranes of another endosymbiont, Chlorella, identified in a sample collected from a freshwater pond in Yantai (Shandong, China). Basis of assignment: 16S rRNA gene sequence (GenBank accession number KC495062) and positive matching with 16S rRNA-targeting oligonucleotide probe OD1-613 (5 -GGGCCTGAAGTTGAGCTCC-3 ), with GC content of the 16S rRNA gene sequence of 53.64 mol% Uncultured.
